Pharmacological inhibition of liver GP (glycogen phosphorylase), which is currently being studied as a treatment for Type II (noninsulin-dependent) diabetes, may affect muscle glycogen metabolism. In the present study, we analysed the effects of the GP inhibitor CP-91149 on non-engineered or GP-overexpressing cultured human muscle cells. We found that CP-91149 treatment decreased muscle GP activity by (1) converting the phosphorylated AMP-independent a form into the dephosphorylated AMP-dependent b form and (2) inhibiting GP a activity and AMP-mediated GP b activation. Dephosphorylation of GP was exerted, irrespective of incubation of the cells with glucose, whereas inhibition of its activity was synergic with glucose. As expected, CP-91149 impaired the glycogenolysis induced by glucose deprivation. CP-91149 also promoted the dephosphorylation and activation of GS (glycogen synthase) in non-engineered or GP-overexpressing cultured human muscle cells, but exclusively in glucose-deprived cells. However, this inhibitor did not activate GS in glucose-deprived but glycogen-replete cells overexpressing PTG (protein targeting to glycogen), thus suggesting that glycogen inhibits the CP-91149-mediated activation of GS. Consistently, CP-91149 promoted glycogen resynthesis, but not its overaccumulation. Hence, treatment with CP-91149 impairs muscle glycogen breakdown, but enhances its recovery, which may be useful for the treatment of Type II (insulin-dependent) diabetes.
INTRODUCTION
The inhibition of liver GP (glycogen phosphorylase) decreases hepatic glucose output [1] and is therefore envisaged as a therapeutic strategy for Type II (non-insulin-dependent) diabetes. Nevertheless, pharmacological inhibitors of GP are not selective to the hepatic isoform, so they may also affect muscle glycogen metabolism. MGP (muscle GP) and liver GP, although encoded by separate genes, are highly similar. Both enzymes are interconverted between an active a and an inactive b form by phosphorylation-dephosphorylation reactions respectively. Dephosphorylation, which is mainly catalysed by PP1 (protein phosphatase 1), activates GS (glycogen synthase), while it inactivates GP. Both liver GP and MGP are additionally modulated by allosteric effectors. These isoforms are inhibited by purine analogues, such as caffeine, by binding at the purine inhibitory site, whose physiological ligand is unknown, and glucose, which binds at the active site and competes with glucose-1-phosphate. Glucose and purine inhibitions are synergistic [2] . Distinctively, MGP is activated allosterically by AMP, which acts at a specific site in the N-terminal region [2, 3] .
CP-91149 is a pharmacological inhibitor of liver GP and MGP in vitro, with an IC 50 of 0.13 and 0.20 µM respectively [4] . It is structurally related to caffeine and its inhibitory activity in vitro is synergistic to that of glucose. When added to hepatocytes, CP-91149 inhibits glucagon-stimulated glycogenolysis, whereas in vivo administration to diabetic mice decreases liver glycogen breakdown [5] . CP-91149 also inhibits MGP functionality when expressed in liver cells [6] and blocks glycogenolysis in human Abbreviations used: GP, glycogen phosphorylase; GS, glycogen synthase; MGP, muscle GP; PP1, protein phosphatase 1; PTG, protein targeting to glycogen. 1 To whom all correspondence should be addressed. myoblasts [7] . Muscle glycogen is the energetic reservoir for working fibres and it is also one of the main factors that modulate whole-body glucose tolerance. Thus the study of the impact of pharmacological inhibition of GP on human muscle glycogen metabolism is a crucial issue. In the present study, we report the effects of CP-91149 on GP and GS activity in primary cultured human muscle myotubes, either non-engineered or overexpressing MGP, over a range of metabolic conditions.
EXPERIMENTAL

Human muscle primary cultures and treatments
Human muscle primary cultures were initiated from satellite cells from muscle biopsies of three patients tested negative for muscle disease after diagnostic studies (biopsies were obtained with the informed consent and approval of the Human Research Ethics Committee of the Hospital Clínic, Barcelona, Spain). Aneural muscle cultures were established in a monolayer as described elsewhere [8] . Cultures were grown in Dulbecco's modified Eagle's medium/M-199 medium (3:1, v/v), supplemented with 10 % (v/v) foetal bovine serum, 10 µg/ml insulin (Sigma), 2 mM glutamine (Sigma), 25 ng/ml fibroblast growth factor and 10 ng/ml epidermal growth factor (BD Biosciences, Erembodegem, Belgium). Immediately after myoblast fusion, cells were rinsed in Hanks balanced salt solution, and the medium was replaced with a medium devoid of fibroblast growth factor, epidermal growth factor and glutamine before the experiments were performed. All cultures were kept at 37
• C in a humidified 5 % CO 2 atmosphere.
All experiments were performed with at least two biopsies. CP-91149 was kindly provided by Pfizer (Groton, CT, U.S.A.). The synthesis and pharmacological properties of CP-91149 are described in [5] .
Transduction with recombinant adenovirus
Adenovirus containing the β-galactosidase cDNA was used as a control. Adenovirus bearing the rabbit MGP cDNA (AdCMV-MGP) has been described elsewhere [9] . Adenovirus containing the mouse PTG (protein targeting to glycogen) cDNA has been described previously [10] . The recombinant viruses were amplified in HEK-293 cells (human embryonic kidney 293 cells), and viral stocks of 1 × 10 10 pfu (plaque-forming unit)/ml were prepared in 10 % foetal bovine serum/Dulbecco's modified Eagle's medium. Gene delivery to muscle cultures was achieved by exposing 10-day-old fibres to the virus for 2 h at an moi (multiplicity of infection) of 10. The studies were performed at the time indicated after infection.
Assays of enzymic activity
To measure GS and GP activities, frozen plates were scraped with 100 µl of homogenization buffer consisting of 10 mM Tris/HCl (pH 7.0), 150 mM KF, 15 mM EDTA, 600 mM sucrose, 15 mM 2-mercaptoethanol, 10 µg/ml leupeptin, 1 mM benzamidine and 1 mM PMSF, and the collected cells were subsequently sonicated. The resulting homogenates were used for the determination of enzymic activities. Protein concentration was measured by the Bio-Rad protein assay. GP activity was determined by measuring the incorporation of [U- 14 C]glucose 1-phosphate into glycogen in the absence or presence of AMP (5 mM) [11] . The GS activity ratio was determined by measuring the incorporation of [U- 14 C]UDP-glucose into glycogen in the absence or presence of 10 mM glucose 6-phosphate, as described in [12] .
Metabolite determinations
To measure the glycogen content, cell monolayers were scraped into 100 µl of 30 % (w/v) KOH and boiled for 15 min. An aliquot of the homogenates was used for the measurement of protein concentration as described above. Homogenates were spotted on to Whatman 3T paper, and glycogen was precipitated by immersing the papers in ice-cold 66 % (v/v) ethanol. The papers were washed twice with 66 % ethanol and dried papers containing precipitated glycogen were incubated in 0.4 M acetate buffer (pH 4.8) containing 25 units/ml α-amyloglucosidase (Sigma) for 90 min at 37
• C. Glucose released from glycogen was measured enzymically in a Cobas Fara II autoanalyser using a GlucoQuant kit (Roche, Barcelona, Spain).
Non-denaturing gel analysis
Cell monolayers were scraped into 100 µl of homogenization buffer as described above, and the homogenates were sonicated and centrifuged at 10 500 g for 15 min. Pellets were discarded, and an aliquot of supernatants was used to measure the protein concentration as described above. Protein (50 µg) was loaded on to a 5 % (w/v) acrylamide gel polymerized in the presence of 100 mM Tris/HCl (pH 8.8) and 0.5 % glycogen. The electrophoresis buffer consisted of 25 mM Tris/HCl and 200 mM glycine at pH 8.8. A 30 mA current was applied for 60 min at 4
• C, and gels were then incubated for 20 h in a solution containing 50 mM glucose 1-phosphate, 1 % glycogen, 5 mM dithiothreitol, 5 mM EDTA and 100 mM Tris/HCl at pH 6.8 in the presence or absence of 5 mM AMP. Gels were washed three times with distilled water to remove dithiothreitol and incubated with 0.4 % KI and 0.2 % I 2 to reveal glycogen. Purified GP a and GP b were obtained from Sigma.
Western-blot analysis
Cell monolayers were scraped into 100 µl of homogenization buffer as described above and the homogenates were sonicated. Protein concentration was measured as described above. Protein (25 µg) was loaded on to an 8 % acrylamide gel. Immunoblot analysis was performed using the rabbit polyclonal antibody MGS3 to the muscle isoform of GS. MGS3 was generated against a synthetic peptide containing the nine C-terminal amino acids of the protein ( 729 TSSLGEERN 737 ) and was effective in immunoprecipitating GS activity in homogenates from rat muscles. In Western blots, MGS3 recognized only a band of protein that corresponded to the molecular mass of the enzyme [13] . The primary antibody was detected using the ECL ® Plus kit (Roche).
Statistical analysis
Results were analysed for statistical significance by the Student's t test.
RESULTS AND DISCUSSION
Inhibition and dephosphorylation of GP by CP-91149
To facilitate ulterior analysis of the enzymic activity and the activation state, we examined the effects of CP-91149 on GP in non-engineered human muscle cells or cells overexpressing MGP after adenoviral transduction. In all the experiments, we used a concentration of 10 µM CP-91149; this concentration inhibits the muscle isoform of GP [6, 7] . In the presence of glucose, GP AMPindependent activity (a form) was decreased by 58 and 90 % in control and GP-overexpressing cells respectively 2 min after the addition of the inhibitor, and remained constant for at least 3 h. Since this inhibitor is more potent in the presence of glucose when assayed in vitro [5] , the effect of CP-91149 was determined in cells incubated with or without glucose. In Figure 1(A) , we show the inhibition of GP a in extracts from control and MGPoverexpressing cells treated with 10 µM CP-91149 for 3 h. In both these cell types, inhibition was higher in glucose-incubated cells compared with glucose-deprived cells (i.e. 55 and 44 % inhibition respectively in control cells). This observation appeared to confirm the synergy of inhibition [5] . However, we could not rule out that part of this smaller inhibition in glucose-deprived cells was due to prior inactivation of GP.
To determine whether CP-91149 inhibited GP a allosterically or via its covalent modification, namely conversion into GP b, we analysed GP activity in native gels, which allow discrimination between the a and b forms ( Figure 1B, lanes 5 and 6) . Endogenous GP activity was not detected in these gels, possibly owing to the low sensitivity of this technique. In contrast, a faint band of the a form (AMP-independent activity) was detected in MGP-overexpressing cells incubated with or without glucose ( Figure 1B,  lanes 1 and 3) . A very intense band was detected after development in the presence of AMP. Since GP a is not activated by AMP, as shown with purified GP a protein (lane 5), these results show that, in MGP-overexpressing cells, most of the enzyme was in the b form. After treatment with the inhibitor, the band activity corresponding to the a form was blunted in both glucose-deprived and glucose-incubated cells (lanes 2 and 4) . This observation indicates that CP-91149 promoted the conversion of GP a into GP b, according to a model proposed in hepatocytes [6] . We also assessed whether CP-91149 impairs the allosteric activation of GP b by AMP, which cannot be ascertained in native gels. For this purpose, AMP-dependent GP activity was examined in muscle-cell extracts (Figure 2 ), which mostly contained the b form ( Figure 1B) . Total GP activity was decreased by approx. 30 % in control cells or by 80 % in MGP-overexpressing cells incubated with CP-91149, irrespective of incubation with glucose. These results indicate that the agent blocks AMP activation of GP b. Total GP activity was only approx. 20 % higher compared with the a form in control and GP-overexpressing cells. This observation indicates a higher a-form to b-form ratio compared with that deduced from native gels. Since the basis of the activity assay is equivalent in both systems, this divergence may be explained by the presence of soluble factors in cell extracts, removed by electrophoresis, which positively influence GP b activity, thereby contributing to AMP-independent activity.
Impairment of glycogenolysis by CP-91149
Since CP-91149 promoted the inactivation and inhibition of GP, we next examined its effect on glycogenolysis. Cells were deprived of glucose to increase intracellular AMP and to activate GP allosterically [2, 3, 14] , since, in the presence of glucose, GP activity is allosterically inhibited and glycogen levels are constant [16] . Consistently, glycogen content decreased to 55 % of the initial value in control cells and to 36 % in MGP-overexpressing cells (Figure 3) . Treatment with the GP inhibitor prevented glycogen mobilization in both cell types, although inhibition was higher in MGP-overexpressing cells (74 %) compared with control cells (60 %).
Stimulation of GS activation and glycogen resynthesis by CP-91149
We next checked whether CP-91149 affected GS activation by assessing the activity ratio in the absence or presence of the allosteric activator glucose-6-phosphate. This was examined in cells incubated with glucose or cells deprived of glucose to exhaust glycogen, which exerts a feedback inhibition on synthase phosphatase activity but not on phosphorylase phosphatase [15, 16] . In cells incubated with glucose, which have high glycogen levels, CP-91149 did not affect the GS activity ratio in control or MGP-overexpressing cells, which showed very similar activity levels ( Figure 4A ). Moreover, an immunoblot analysis showed that the electrophoretic mobility of GS, which depends on the phosphorylation state of the enzyme, was not altered ( Figure 4B ).
Figure 4 Regulation of GS activity by CP-91149
Cells were exposed to adenoviruses and incubated in the presence of 25 mM glucose for 2 days. They were then either switched to a glucose-depleted medium (glucose −) or maintained in the same medium (glucose +) for 18 h. In cells incubated without glucose, which have depleted glycogen stores, GS was more active, and the activation state was further enhanced by MGP overexpression in correlation with lower glycogen content. This observation is consistent with the above notion that glycogen inhibits GS activation [16] . In glucosedeprived cells, CP-91149 caused the additional activation of GS in both cell types, although activation was higher in control cells compared with MGP-overexpressing cells ( Figure 4A ). Activation of GS in all these situations was associated with a downward shift in the electrophoretic mobility of GS on SDS/polyacrylamide gels, indicating dephosphorylation of the enzyme ( Figure 4B) .
Overall, these results demonstrate that treatment of muscle cells with CP-91149 activated GS only in glucose-deprived cells, which have low glycogen levels, and not in glucose-incubated cells, which have high glycogen levels. To determine whether the inhibition of the CP-91149 effect was caused by the presence of glucose or the high glycogen content, cells were genetically modified to modulate glycogen stores. For this purpose, cells were transduced with adenovirus bearing the PTG cDNA. Consistent with results of our previous study [17] , overexpression of PTG in muscle cells activated GS and increased glycogen levels up to 2429 + − 189 µg of glucose/mg of protein, 2 days after adenoviral infection. Treatment of glucose-incubated PTG-overexpressing cells with CP-91149 did not modify the GS activity ratio (results not shown). Cells were then incubated in the absence of glucose for 18 h, and glycogen levels decreased to 1864 + − 108 µg of Table 1 Role of glycogen levels in CP-91149-mediated GS activation Cells with high glycogen levels were prepared by incubating cells with 25 mM glucose for 2 days after AdCMV-PTG transduction, followed by an 18 h incubation in a glucose-depleted medium. Cells with low glycogen levels were obtained by transduction with AdCMV-PTG and concomitant incubation in a glucose-depleted medium for 18 h. Glycogen levels were determined. Finally, cells were incubated in the absence or presence of 10 µM CP-91149 for 3 h and the GS activity ratio was determined. Results are the means + − S.E.M. for at least three independent experiments performed in triplicate (glycogen levels) or duplicate (GS activity); G6P, glucose 6-phosphate. glucose/mg of protein. Treatment with CP-91149 under these conditions (high glycogen levels) did not modify the GS activity ratio (Table 1) , which differs from the behaviour in both control and MGP-overexpressing cells incubated in the absence of glucose (see Figure 4A) . Moreover, cells were transduced with AdCMV-PTG and concomitantly switched to a glucose-depleted medium to deplete glycogen levels. Under these conditions (low glycogen levels), treatment with the inhibitor activated GS ( Table 1 ), indicating that PTG overexpression by itself did not affect the CP-91149-mediated GS activation. These results demonstrate that glycogen blocks the GS activation induced by CP-91149 treatment. Since glycogen is a potent inhibitor of synthase phosphatase activity in muscle cells, we hypothesize that CP-91149 activates a GS phosphatase activity.
In conclusion, our results suggest that CP-91149 may activate a phosphatase activity that can act on both glycogen-metabolizing enzymes. Remarkably, the activity of this synthase phosphatase would be inhibited by glycogen, whereas the activity of phosphorylase phosphatase would not. Dephosphorylation of GS and GP is primarily catalysed by PP1 activity, which is modulated by regulatory subunits. In muscle cells, at least three PP1 regulatory subunits are expressed, namely G M , PTG and PPP1R6, whereas, specifically in the human muscles, expression of G L was also reported previously [18] . A direct effect of GP on synthase phosphatase activity is well characterized in liver [19] , which expresses high levels of G L [20] , and it can also be triggered by the muscle isoform of GP when expressed in hepatocytes [6] . The active phosphorylated form of GP, GP a, binds with high affinity to a site in the C-terminal domain of G L , and inhibits PP1 activity on GS [21] . Thus, as we and others have shown previously [6, 22] , inactivation of GP in the liver releases the inhibitory action of GP a on PP1-G L , thereby activating GS. This mechanism may also operate in muscles and thus underlie the activation of GS by CP-91149 treatment. Against this argument is the observation that the activation of synthase phosphatase by the GP inhibitor in muscle cells is glycogen-dependent, whereas the effects of G L [23] or CP-91149 [6] in hepatocytes were not affected by glycogen concentration. Furthermore, MGP overexpression and consequently GP a increment do not inhibit GS in muscle cells as it does in hepatocytes [6] . Thus the involvement of muscle-specific isoforms, G M or PPP1R6, primarily expressed in this tissue, is more plausible.
To test whether CP-91149 could enhance glycogen resynthesis, after glycogen depletion (113 + − 8 µg of glucose/mg of protein), non-engineered cells were re-incubated with glucose in the absence or presence of CP-91149 for 3 h. Treatment with CP-91149 enhanced glycogen accumulation (167 + − 7 versus 145 + − 2 µg of glucose/mg of protein in CP-91149-treated and untreated cells respectively) according to the GS activation observed, although we cannot rule out that inhibition of GP may have contributed to the increase in glycogen deposition.
In summary, inhibition and inactivation of GP by CP-91149 in muscle cells lead to a decrease in the glycogenolytic response to glucose deprivation, which mimics the demand for energy in exercising muscles. Nevertheless, CP-91149 activates GS in glycogendeprived cells, indicating that this compound may favour glycogen recovery after exercise. These observations are of importance in the context of treatment of Type II (non-insulin-dependent) diabetes, since conversion of glucose into muscle glycogen is a main contributor to whole-body glucose disposal.
